Conduction Band
Valence Band corresponding to the wavelength of ~1540 nm, which lies in the region of minimum losses for silica-based waveguides used in fibre optic communications [16] [17] [18] [19] and silicon photonics [20] . Researchers also reported on the improved detection of UV light by Er doped In2O3 (In2O3:Er) TFs as compared to undoped In2O3 TFs and investigated the removal of oxygen-related defect states from the host In2O3 material using optical and electrical techniques [4] . However, it is important to find out the energy positions of the defect states within the bandgap of In2O3 after incorporation of Er atoms and their roles in device performance. Amongst all the defects identified in TOSs, oxygen vacancy is one of the most significant and is considered to be the dominant defect in In2O3. Oxygen vacancies in MOS had been investigated extensively both experimentally [21] [22] [23] and theoretically [24, 25] . For example, low-temperature photo-capacitance and photocurrent measurements were performed to study defects introduced in GaAs by N incorporation [15] . However, there are no reports on the investigation of defects using temperature dependent current-voltage (I-V) characteristics, photosensitivity and low temperature temporal responses of In2O3:Er TFs, which is important for improving their performance as UV detectors.
In this paper, the doping of Er into In2O3 lattice has been confirmed by Secondary Ion Mass Spectrometry (SIMS) analysis. We have performed I-V hysteresis, temperature dependent (10 K-300 K) photosensitivity, low temperature (10 K) responsivity and low temperature (10 K) temporal response of detectors in order to probe the energy positions of the defects present in undoped In2O3 and In2O3:Er TFs. The theoretical analysis of the ideality factor (η) and barrier height (ΦB) was performed using Schottky model by taking into consideration the presence of defects. Low-temperature photocurrent and temporal responses provided the information about the type of defects and energy level positions.
Experimental Details:

Synthesis of Undoped and Er doped In2O3 TFs and device fabrication:
A C C E P T E D M A N U S C R I P T substrate (rotation speed ~6000 rpm for 2 min) followed by 10 min open air annealing (~400 0 C) for four times with final annealing at ~400 0 C for 30 min as has already been described.
Gold (Au) was evaporated through circular holes of an aluminum mask, which was placed on top of the samples to form the upper electrode (diameter ~2 mm) contact of the Schottky devices by thermal evaporation method. Indium was used as an Ohmic contact on the backside of p-Si substrate. Both the undoped In2O3 (Au/In2O3/Si) and Er doped In2O3 devices (Au/In2O3:Er/Si) were prepared using the same procedure.
Characterisation techniques:
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) (PHI TRIFT V nano TOF, Physical Electronics, USA) was performed using dual beam configuration on the undoped and In2O3:Er TFs to analyse the depth profiles (using a stylus-based profilometer). A caesium (Cs
2+
) primary ion beam of 0.3 A beam current and 3.0 keV net impact energy was used as a
sputtering ion source to etch the sample surface within a raster size of 600 m x 600 m, whereas a Gallium (Ga) gun was used to analyse the secondary ions. The SIMS aperture settings were used to restrict secondary ion analysis within the square area within the raster region of 40 m x 40 m using liquid metal (Ga) ion gun. This SIMS configuration is used to determine appropriate composition of the TFs [26] . The I-V characteristics of Au/In2O3/Si and Au/In2O3:Er/Si were investigated using a Keithley 2401 source meter and 300 W Ozone free xenon arc lamp (650-0047). The photocurrent spectra of both detectors were recorded at low temperature using an open beam configuration through a monochromator (120-9055, Science tech Inc., Canada) and a He cryostat (Advanced Research System).
Results and discussion:
3.1 SIMS analysis and depth profiling interpretation: Fig. 1(a) ), which contains small grains all over the TF surface. The In2O3:Er TF (inset of Fig. 1(b) ) surface becomes smoother, which was also characterised previously using scanning electron microscopy (SEM) [4] . The sputter time vs the number of counts spectrum can be divided into three different regions [27] . The region-I is marked for non-equilibrium sputtering of the Cs 2+ ions on the undoped and In2O3:Er TF surfaces, where the number of counts of In, O and In, O, Er etc. decreases rapidly for undoped ( Fig. 1(a) ) and In2O3:Er TFs ( Fig. 1(b) ), respectively. With the increasing sputter time, in the region-II equilibrium sputtering was achieved. In this region, the incoming sputter ions became equal to the outgoing sputter ions [27] . Therefore, there is a slow decrease in the counts of In (from 27603 to 1286), In2+O and O for undoped In2O3 TF which confirms the formation of stable In2O3 TF layer ( Fig. 1(a) ). In the case of In2O3:Er TF, 
Presence of memory:
The ten (10) successive loops of I -V characteristics were taken for both Au/In2O3/Si and Au/In2O3:Er/Si devices to investigate the state of defects present in the material. defects [28, 29] into the lattice and at the Au/In2O3 Schottky interface. Under the forward bias condition, the undoped In2O3 TF produces ionisation due to the availability of huge free carriers (~8 x 10 16 cm -3 ) [4] , which enhances the depletion width at the junction and finally charge storage of the device. On the other hand, incorporation of Er into the In2O3 matrix reduces the oxygen-related defect states and traps at the metal-semiconductor interface. The carrier compensation process reduces the free carrier concentration (~5 x 10 12 cm -3 ) of the In2O3:Er material [4] . Therefore, under the forward bias, the carriers are unable to produce high ionisation and subsequently the depletion width reduces as compared to Au/In2O3/Si device. Hence, the charge storage capability of the Au/In2O3:Er/Si device, which possesses small current window, is reduced. The number of ionisation carriers is reduced successively after each loop for both devices and therefore the reduction in current memory window is 
Temperature dependent characteristics:
The temperature dependent dark ln I -V characteristics of the Au/In2O3/Si and Au/In2O3:Er/Si devices are shown in Fig. 3(a) . It is observed that the reverse saturation current (Is) exhibits there is an exponential decay of η as shown in Fig. 3(b) . The η vs. T curves for both undoped (Fig. 3(b) ), respectively. After that temperature for both devices, η is almost linear with the increase of temperature. The ⁄ vs. ⁄ curve is plotted (Fig. 3(b) (inset)) to find out the actual current conduction mechanism and the origin of high η values for the diodes at low temperature [31] . For the Au/In2O3/Si and Au/In2O3:Er/Si devices, the intercepts of the linear fits of ⁄ vs. ⁄ curves to the ⁄ axis are at ~637 meV and at ~521 meV, respectively. These intercepts are known as the tunneling parameters of the Schottky diode [31, 32] . The tunneling parameter values are ≫ ℎ ( ⁄ ) , which basically initiates the free carrier generation due to field emission (FE) in the devices [33] . On the other hand, very low barrier height at 10 K of 16 meV and 22 meV are calculated for both Au/In2O3/Si and Au/In2O3:Er/Si devices, respectively ( Fig. 3(b) ). A linear increase in barrier height (ΦB) is observed with increasing temperature up to 0.63 eV and 0.66 eV, respectively for Au/In2O3/Si and Au/In2O3:Er/Si devices at 300 K (Fig. 3(b) ). Therefore, at low temperatures, the electrons overcome the low barrier height by collecting the energy from the applied electric field and tunnel through the barrier. But, at high temperatures, the carriers collect energy from thermal agitation and applied electric field to overcome the large barrier height, which is known as thermionic field emission (TFE) process. The increase in η and a decrease in ΦB of the diode at low temperatures might be due to the structural defects in the semiconductor, inhomogeneous doping, interface roughness and inhomogeneity of the thickness of the layer which were previously explained experimentally and theoretically [32] [33] [34] [35] . In our case, the TFs were fabricated using spin coating technique, which involves considerable surface roughness and non-uniformity in the thickness of the TFs on the substrate. Similar type of temperature-dependent electrical properties of Pt Schottky contacts
to n-type GaN was successfully explained by Phark et al with the help of TE and TFE models [36] . According to Schmitsdorf et al [37] , the linear variation of Schottky barrier height with temperature is due to the presence of barrier irregularity, which may create double Gaussian 
Temperature dependent photosensitivity and function of defects:
The dark current for the devices is plotted in Fig. 4 were examined under UV light excitation (wavelength =340 nm) at different temperatures ranging from 10 K to 300 K (Fig. 4(b) ). In the case of Au/In2O3/Si device, the sensitivity decreased gradually from 300 K to 140 K, which may be due to the Auger scattering of the 100 K, which may be due to the non-availability of the excess free carriers in the conduction band even after photon excitation. Beyond this temperature, a sudden rise in photosensitivity has been observed at ~70 K, which may be due to the Peierls phase transition [39] . A Peierls transition is basically defined as a metal insulator transition, when it reaches the Peierls temperature (Tp). Above Tp, the atoms are all equally spaced with the lattice constant 'a'.
Below Tp, a distortion happens and the periodicity doubles to '2a', because of electronphonon interactions in the conduction band. This process is called dimerization and happens with maximum of ~200 times at 70 K. Furthermore, the Au/In2O3/Si device shows small variation in photosensitivity (~1.09 times), whereas the In2O3:Er TF produced significant deviation in photosensitivity (~50 times) between the highest (300 K) and the lowest (10 K) points of temperature. This fact again demonstrates that the photoconduction process in undoped In2O3 TF and In2O3:Er TF is quite different. Trap states, which emit electrons under photon excitation, play a major role in the undoped In2O3 TF material for the whole temperature range. However, a little variation in photosensitivity has been observed between 300 K and 10 K due to the presence of large residual current (dark current). Again, the In2O3:Er TF is almost free from defects, so trap related photoconduction is not observed up to 60 K. Whereas at a very low temperature from 50 K to 10 K the small concentration of defects near the conduction band edge starts to de-trap the electrons (similar to Au/In2O3/Si device) under photon excitation. But this process has produced massive variation in photosensitivity of the doped device due to the presence of small residual current. Finally, it can be concluded that the In2O3:Er TF is not completely free from defects, and shallow traps in In2O3 play a major role in photoconduction for In2O3:Er TF at very low temperature.
Low-temperature responsivity and defect states:
The wavelength dependent (300 nm -500 nm) responsivity of the devices was measured at 10 K to find out the energy positions of trap states in the material. Therefore, it may be concluded that Er had definitely reduced the density of defects into the In2O3 up to a certain level, which improved the UV-Visible rejection ratio of the In2O3:Er TF based detector. Au/In2O3/Si device, which may be due to the removal of defects. Both devices were illuminated by 640 nm wavelength of light (as it is reported that the oxygen-related defect state can produce optical transition process at the same energy level) [42] to verify the oxygen defect related photoconductivity. shows superior performance as compared to the undoped In2O3 TF device (Tr ~501 ms, Tf ~2 s). We can conclude from the above observations that the Au/In2O3:Er/Si device acts as good UV detector, which selectively detects UV light with higher response speed and also the oxygen-related defect states at 640 nm has been removed. However, some of the defects still remain (410 nm, as pointed out from responsivity spectrum) in the material after Er doping of the In2O3 lattice. 
